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ABSTRACT PAGE
Fetal Alcohol Spectrum  Disorder (FASD) is associated  with a  num ber of cognitive deficits. 
Both animals and hum ans with FASD, for example, exhibit impaired performance on 
hippocam pus-dependent memory tasks. Conversely, performance is normal in memory 
tasks which are  considered to be nonhippocampal. Several studies have shown that both 
the hippocam pus and the cholinergic system  are affected by early ethanol exposure. 
Cholinergic agonists, such a s  physostigmine and choline have been shown to reverse 
som e of the cognitive deficits associated with FASD. Furthermore, previous research 
indicates that nicotine, a cholinergic agonist, facilitates hippocam pus-dependent forms of 
memory in normal adults. The present research evaluated the ability of adolescent nicotine 
exposure to facilitate fear conditioning in normal and FASD rats. Our interest in nicotine 
stem s from reports that FASD populations show increased incidence of nicotine use and 
dependence a s  adolescents and young adults. This, together with the hypothesis that 
nicotine use may serve a s  a  form of self-medication for cognitive disruptions in other 
psychiatric disorders (e.g. schizophrenia) contributed to the expectation that nicotine would 
alleviate ethanol-induced cognitive deficits. Experiment 1 examined the effects of 
intermittent nicotine administration during adolescence on delay and trace fear conditioning 
in normal animals. Fear conditioning can be used to examine not only hippocampus- 
dependent memory (trace conditioning), but also hippocam pus-independent memory 
(delay conditioning). On Postnatal Days (PD) 28, 30, 32, and 34 Sprague-Dawley rats were 
injected i.p. with 0, 0.15, or 0.3 mg/kg nicotine. On PD 40, anim als were given three trials 
of either trace or delay conditioning (10-s light CS, 0.5mA shock US, 10-s trace interval) 
and tested for CS-elicited freezing 24 hours later. Five hours following CS testing, animals 
were tested for contextual freezing. Neither delay nor contextual fear conditioning were 
significantly affected by nicotine administration. However, in trace conditioning nicotine 
affected freezing (CS - pre-CS) in a  dose-dependent manner. Specifically, freezing w as 
greatest in the 0.15 mg/kg groups. Thus, at the lowest dose nicotine w as able to facilitate 
trace fear conditioning. Experiment 2 investigated the effect of nicotine administration on 
trace fear conditioning in adolescent FASD rats. In this experiment rats were given daily 
exposure to 5g/kg ethanol on PD 4-9. Controls received sham  intubations. Nicotine 
administration occurred a s  described in Experiment 1.' Trace fear conditioning, which 
involved five CS-US pairings, w as otherwise identical to Experiment 1. Results showed 
that neonatal exposure to ethanol resulted in deficits in freezing to the trace CS, as 
previously reported from our lab. Furthermore, adolescent nicotine exposure improved 
trace conditioning in the ethanol-exposed subjects. These results indicate that nicotine can 
com pensate for impaired hippocampal memory performance resulting from neonatal 
ethanol exposure.
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1Nicotine facilitates trace fear conditioning in normal and FASD rats tested
as adolescents
Memory is defined as “the power or process of reproducing or recalling 
what has been learned and retained especially through associative mechanisms” 
(Merriam-Webster Dictionary, 2008). In animals, as in humans, memory can be 
divided into two distinct categories: hippocampus-dependent memory and 
hippocampus-independent memory (for review, Steckler, Drinkenburg, Sahgal, & 
Aggleton, 1998). Hippocampus-dependent memory is comparable to what is 
referred to as episodic memory in humans (Smith & Mizumori, 2006). This type 
of memory involves the conscious recollection of events and facts (Eichenbaum, 
2001), and therefore involve some aspect of time and/or space, and thus context 
(Holscher, 2003). Conversely, hippocampus-independent memory does not 
involve the encoding of an event or episode and is thus considered independent of 
time and space. Another fundamental difference between hippocampal and 
nonhippocampal forms of memory is that while nonhippocampal memory is 
generally spared by disorders such as Alzheimer’s disease and Fetal Alcohol 
Spectrum Disorder (FASD), hippocampal memory is severely impaired.
The goal of the current study was to investigate nicotine’s effect on 
hippocampal and nonhippocampal memory in adolescent animals. As most adult 
smokers are first exposed to nicotine during adolescence, the impact of adolescent 
nicotine exposure on memory is particularly relevant. A second goal of this study 
was to determine whether nicotine’s facilitation of hippocampus-dependent
2memory would be seen in the adolescent FASD population. FASD, like many 
other psychiatric disorders, is associated with substantial deficits in hippocampal 
memory. Some researchers have proposed a self-medication hypothesis, 
suggesting that nicotine is abused in populations with cognitive impairment, such 
as schizophrenia and ADHD, in an attempt to alleviate associated cognitive 
deficits (Ohlmeier, Peters, Kordon, Seifert, Wildt, Wiese, et al., 2007). The goal 
of the current study was to determine whether nicotine is also able to improve 
hippocampal memory deficits in FASD.
Fetal Alcohol Spectrum Disorders
Fetal Alcohol Syndrome (FAS) was first defined by Jones and 
collaborators in 1973 (Jones & Smith, 1973; Jones, Smith, Ulleland, & 
Streissguth, 1973). According to their definition, the FAS diagnosis involves three 
separate categories of signs and symptoms. First, in order to be diagnosed as 
having FAS, the individual must present a specific pattern of facial anomalies 
such as short palpebral fissures, smooth philtrum, and thin vermilion border of the 
upper lip (May et al., 2004). Second, there must be some proof of slowed growth 
both pre- and post-natally. Finally, the FAS diagnosis assumes that there are 
central nervous system abnormalities.
Importantly, prenatal ethanol exposure does not always result in a 
diagnosis of FAS. In recent years, researchers have recognized the continuum of 
ethanol-related impairment and developed other terms to address deficits that do 
not necessarily meet all of the criteria to be considered FAS (Riley & McGee, 
2005). For instance, facial dysmorphology, which is key to FAS diagnosis, is
3oftentimes absent in individuals with other ethanol-related deficits. Nevertheless, 
central nervous system (CNS) impairments may be as severe as those evident in 
FAS. In order to address these and other issues, the term Fetal Alcohol Spectrum 
Disorder (FASD) was adopted by the National Organization on Fetal Alcohol 
Syndrome (NOFAS) (Riley & McGee, 2005). FASD is an “umbrella” category 
used to describe the broad range of deficits experienced by individuals prenatally 
exposed to alcohol (Riley & McGee, 2005; Manning & Hoyme, 2007). World­
wide these disorders affect nearly one percent of all live births (Sampson et al., 
1997).
FASD and memory
FASD is associated with a number of deficits, some of which are cognitive 
in nature. Specifically, both humans and animals with FASD exhibit impaired 
performance on memory tasks which are referred to as hippocampus-dependent. 
Conversely, hippocampus-independent memory is not as severely affected 
(Wagner & Hunt, 2006). One common way to assess hippocampal memory 
function is by using tests that require recall after a delay. Mattson and Roebuck 
(2002) found that children with FASD exhibit increased errors when asked to 
retrieve visual information following a delay. In this study, children were initially 
presented with a set of figures from the Biber Figure Learning Test. Though 
FASD children were able to learn the figures as well as control children, after 
delays of five and ten minutes children with FASD made significantly more errors 
than controls in recall.
4Spatial memory is another measure of hippocampus-dependent memory. 
In fact, this is the type most commonly used in animals to gauge hippocampal 
memory performance. Conversely, in humans, assessment of spatial memory is 
relatively rare. Rather, the majority of tests developed to measure hippocampal 
memory in humans use questionnaire formats and are heavily dependent upon 
language production and comprehension. This is particularly troubling 
considering that children with FASD show significant impairments in verbal 
learning (Mattson & Roebuck, 2000). Examining spatial memory in humans is 
vital to fully understanding hippocampal forms of memory across species.
Uecker and Nadel (1996) recognized this lack of translational research in 
the field of memory and developed a procedure that would allow children to 
complete tasks of place and object recognition. In this experiment, children were 
presented with a wooden board containing 16 spatial reference markings. A set of 
commonly-used objects (e.g. battery, small teddy bear, tape) were positioned on 
each of the board’s spatial reference marks. In order to ensure sufficient exposure 
to each of the stimuli, the children were asked to estimate the price of each object. 
The participants were then asked to turn away while the experimenter placed all 
of the objects in a brown paper bag. Once the objects were in the bag, the children 
were invited to turn back around and testing for immediate recall began. First, 
children were asked to name all of the objects they had seen on the board. After 
naming as many objects as possible, the child was presented with the paper bag 
and asked to place the objects on the board in the spatial arrangement in which
5they were originally presented. Twenty-four hours later, the children were again 
asked to name and arrange the objects on the wooden board.
Results indicated that in the nonhippocampal task of immediate object 
recall, FASD children performed identically to controls. However, when assessed 
for delayed recall (a hippocampal memory task), FASD children performed 
significantly worse. In fact, the authors likened their performance to that seen in 
memory studies on patients that had severe lesions to the hippocampus (e.g. Smith 
& Milner, 1981). Furthermore, spatial memory, another form of hippocampus- 
dependent memory, was severely impaired. In both immediate and delay 
conditions, children with FASD were unable to correctly replace objects in their 
original locations. Moreover, spatial arrangement was significantly more distorted 
when compared to controls.
FASD-associated deficits in hippocampus-dependent memory are not 
unique to humans. Animal models of FASD exhibit nearly identical learning 
deficits when tested in hippocampal memory tasks. There are a number of tasks 
which are used to assess hippocampus dependent memory. These can range from 
spatial tasks, such as the Morris water maze and delayed alternation, to other 
nonspatial tasks such as trace fear conditioning.
One of the animal literature’s most commonly used tasks is the Morris 
water maze. The Morris water maze consists of a large, circular tank which is 
filled with water. A small amount of powdered milk is usually added to make the 
water opaque. In one quadrant of the tank, there is a small, invisible “escape” 
platform, submerged just under the water’s surface. Water maze training for
6hippocampal memory assessment involves placing the animal in a different start 
position each time. This ensures that the animal relies on an allocentric (and thus 
hippocampal) strategy for finding the platform. Once the animal has sufficiently 
learned the location of the platform, it can be tested for delayed recall in a probe 
trial. During the probe trial, the platform is removed and the time and distance 
spent swimming in the quadrant which previously housed the platform is 
recorded. Increased time in the target quadrant is assumed to indicate that the 
animal remembers where the platform was previously located. As this task is 
considered a measure of hippocampal memory, performance on the Morris water 
maze is affected by early ethanol exposure. In a study by Goodlett and Johnson 
(1997), rat pups that received neonatal administration of ethanol on postnatal day 
(PD) 7-9 exhibited significant impairment when tested on PD 26-31 in this task. 
Specifically, deficits were found in both task acquisition and later recall.
Similar results are found in hippocampus-dependent forms of fear 
conditioning (Wagner & Hunt, 2006). Pavlovian fear conditioning is unique in 
that it allows for the assessment of both hippocampal and nonhippocampal forms 
of memory. Unlike the majority of tests which are able to evaluate hippocampus- 
dependent memory, fear conditioning is not considered a spatial task. Instead, it 
involves the pairing of a conditioned stimulus (CS), such as a light and an 
unconditioned stimulus (US), such as a shock.
Learning is assessed by determining whether the conditioned stimulus, 
when presented alone, is able to evoke a conditioned response (CR). There are a 
number of different conditioned responses that one can measure to assess fear
7conditioning (e.g. Hunt & Campbell, 1997). One popular method is to measure 
the animal’s immobility. When rats are presented with threatening stimuli, such 
as a predator, a common defensive response to avoid detection is to “freeze.” By 
measuring freezing (immobility) scientists are able to infer the animal’s level of 
fear, and thus how well it remembers the prior training.
Though there are a number of different ways in which stimuli can be 
paired, two common methods are trace and delay conditioning. Delay 
conditioning, a nonhippocampal task, involves CS presentation that is 
immediately followed by US presentation. For example, the offset of a light CS is 
immediately followed by the onset of a shock US. On the other hand, trace 
conditioning, a hippocampus-dependent task, includes a brief trace interval 
between the two stimuli. Therefore, in trace conditioning the light CS is followed 
by a stimulus-free trace interval. US onset occurs only at the end of the trace 
interval. In their 2006 study, Wagner and Hunt found that rats, when exposed to 
ethanol on PD 4-9, show deficits in trace fear conditioning when trained and 
tested in early adolescence (PD 30-31). Conversely, ethanol-treated animals 
performed identically to controls when trained in delay conditioning, a 
hippocampus-independent task.
Importantly, these deficits in hippocampal memory are not unique to 
adolescence. Even at three months of age, considered young adulthood in rats, 
FASD rats perform significantly worse than controls on tests of hippocampal 
memory. One such task, the test of delayed alternation in a T-maze, is a spatial 
memory task and considered a measure of hippocampus-dependent memory when
8sufficiently long delays are used (Steckler et al., 1998). Conversely, when short 
delays are used, this task is less dependent upon hippocampal function (Lee & 
Kesner, 2003). In delayed alternation rats are trained to alternate between left and 
right arms. For example, if on the first run the subject enters the left arm, on the 
following test run it must enter the right arm in order to receive a reward. 
Importantly the first and test runs are separated by a predetermined delay period 
during which the subject must remember information from the first trial. Using 
the alternation task, Nagahara and Handa (1999) found that FASD rats tested with 
a Os or 20s delay performed as well as controls. However, when longer delays of 
60s and 180s were used, FASD rats exhibited impaired performance. These 
results indicate that even as adults, FASD animals demonstrate impairments in 
hippocampal, but not nonhippocampal forms of memory.
In relation to the observed memory deficits, there is a substantial literature 
on the harmful effects of ethanol on the hippocampus. Several studies have shown 
that both the hippocampus and the cholinergic system are affected by ethanol 
exposure (Klintsova et al., 2007; Robles & Sabria, 2008). Of particular interest is 
that some of the cognitive deficits observed in FASD can be ameliorated by 
administration of the cholinergic agonists physostigmine and choline (Blanchard 
& Riley, 1988; Wagner & Hunt, 2006; Thomas, Garrison, & O’Neil, 2004). 
Choline, when administered on PD 4-20, was able to completely reverse the 
deficits in trace fear conditioning evident in ethanol-exposed subjects that were 
trained and tested as adolescents (Wagner & Hunt, 2006).
9Ethanol-induced cognitive deficits and nicotine
Some researchers have suggested that nicotine may act similarly to other 
cholinergic agonists to reverse ethanol-induced deficits. Alcoholics, when 
administered nicotine via transdermal patch, showed improvements in a number 
of measures of attention and working memory (Nixon, Lawton-Craddock, Tivis, 
& Ceballos, 2007). Similar results have been found in the animal contextual fear 
conditioning literature. Contextual fear conditioning, a hippocampus-dependent 
memory task, involves an association of the US with contextual cues. Though 
contextual fear conditioning is not considered a spatial memory task per se, it 
does require the animal to form a spatial representation of its environment (Rudy 
& O'Reilly, 2001). By presenting the US in a specific context, the subject 
associates the context with the fear-provoking stimulus. Examples of contextual 
fear conditioning are readily available in everyday life. If an individual is 
involved in a car accident, the next time that they drive in that area, they will 
likely feel some apprehension. This is an example of contextual fear conditioning. 
Though driving in a given area does not necessarily provoke an accident, the 
individual has learned to associate the area with having an accident.
In animals, training in contextual fear conditioning involves the 
presentation of a US, such as a shock, in a specific context. Testing for context- 
elicited fear involves returning the animal to the original training context and 
observing its behavior. As in trace and delay fear conditioning, learning can be 
assessed by measuring the amount of freezing that the animal exhibits. An animal
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that has a high level of freezing when returned to the training context is believed 
to remember the context-US association.
Contextual fear conditioning, like other hippocampal memory tasks, is 
impaired by acute ethanol administration. Of particular interest is that nicotine is 
able to ameliorate these deficits (Gould & Lommock, 2003). Ethanol-treated 
subjects that received pre-training and pre-testing administration of nicotine 
performed significantly better than ethanol-only subjects in contextual fear 
conditioning. Furthermore, this amelioration was long-lasting in that animals 
continued to exhibit improved performance 7 days later, even when tested in a 
drug-free state.
Both the Nixon et al. (2007) and Gould and Lommock (2003) studies 
suggest that nicotine is able to ameliorate ethanol-induced deficits in hippocampal 
forms of memory. This cognition-enhancing characteristic could be related to its 
high prevalence of abuse in populations with hippocampal memory impairments, 
such as those with FASD. Research suggests that even when controlling for 
genetic and socioeconomic variables, individuals with FASD show increased 
incidence of nicotine use and dependence (Yates, Cadoret, Troughton, Stewart, & 
Giunta, 1998). This, together with the hypothesis that nicotine use may serve as a 
form of self-medication for cognitive disruptions in other psychiatric disorders 
(e.g. schizophrenia and ADHD) may suggest that nicotine can alleviate ethanol- 
induced cognitive deficits.
Nicotine and memory
Nicotine’s effect on cognition is likely due to its actions on the brain’s 
cholinergic system. This neurotransmitter system has been implicated in a number 
of cognitive processes, namely those involving aspects of learning and memory 
(Ikonen, McMahan, Gallagher, Eichenbaum, & Tanila, 2002). Similarly to that 
observed in FASD, not all forms of memory are equally impacted by 
manipulations to cholinergic circuitry. The learning processes which are 
considered to be hippocampal are most strikingly affected (Gould & Wehner, 
1999). Conversely, memory processes that are nonhippocampal remain relatively 
unaltered by cholinergic manipulation (Hunt & Richardson, 2007; Levillain, 
Crew, Kostelnik, & Hunt, 2007).
There are two different cholinergic receptor types: muscarinic and
nicotinic. While both muscarinic and nicotinic receptors appear to be involved in 
learning processes, a growing body of research has begun to focus on the role of 
the nicotinic receptor (Gould & Higgins, 2003). Specifically, nicotine has been 
found to improve memory performance in a number of hippocampus-dependent 
tasks. In a test of spatial memory, a form of hippocampus-dependent memory, 
Socci, Sanberg, and Arendash (1995) found that retention of the Morris water 
maze task was facilitated by nicotine administration. In their study, rats were 
administered either nicotine or saline for 10 consecutive days. On day 4 of 
nicotine administration, subjects began seven days of place learning in the Morris 
water maze (drug administration occurred 15 minutes pre-training). Testing for 
retention occurred on day 11, 15 minutes following pre-testing drug
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administration. The results showed that subjects that received repeated 
administration of nicotine on days 4-11 performed significantly better than 
vehicle-treated controls when tested on the retention probe trial.
The passive avoidance task is another task which is commonly used to 
assess hippocampal memory performance in nonhuman animals. In Zarrindast, 
Sadegh, and Shafaghi (1996), passive avoidance training involved placing the 
subject on a small wooden platform in the center of a wooden box that had an 
electrified grid floor. If the animal stepped down off of the box and onto the grid 
floor, it was given a shock. Twenty-four hours following training, subjects were 
given i.p. administration of either nicotine or saline and tested in the original 
context. The latency to step down off of the box and on to the grid floor was 
measured. Pre-testing administration of nicotine increased the subjects’ latency to 
step down off of the platform and on to the grid floor, thus indicating that nicotine 
administration facilitated later recall.
Like ethanol, nicotine administration affects hippocampal, but not 
nonhippocampal forms of memory. The Pavlovian fear conditioning paradigm 
allows for the direct comparison of these two different types of memory. Gould 
and Wehner (1999) demonstrated that nicotine, when administered both pre­
training and pre-testing, was able to facilitate hippocampal, but not 
nonhippocampal forms of memory. In this study, saline and nicotine-treated mice 
were placed in the training chamber and scored for baseline freezing, pear 
conditioning, which began immediately after, involved the presentation of a tone 
CS which terminated with a shock US. Twenty-four hours later, subjects were
13
once again administered nicotine and placed in the original training chamber 
where context-elicited freezing, a measure of hippocampal memory, was 
recorded. One hour later, animals underwent testing for CS-elicited freezing 
(nonhippocampal memory) in a novel context. Results showed that animals that 
were given nicotine performed significantly better than controls in the contextual 
fear conditioning task. Conversely, nicotine did not affect performance when 
tested for CS-elicited freezing. Of particular interest is that more recent work 
indicates that nicotine administration has a long-lasting effect on memory 
performance (Gould & Higgins, 2003). Animals that were administered nicotine 
pre-training and pre-testing showed improvements in contextual fear conditioning 
even when retested six days later in a drug-free state.
Despite the large amount of research concerning the effects of nicotinic 
receptor activation on adult populations, the developmental implications have yet 
to be thoroughly investigated. Though there is some research focusing on the 
effects of prenatal nicotine exposure, research concerning the effects of nicotine 
during other developmental time periods, such as adolescence, is lacking. This is 
particularly disquieting considering that the Centers for Disease Control and 
Prevention (1998) estimate that there are currently over three million U.S. 
adolescents who smoke on a regular basis and research on drugs other than 
nicotine indicates that adolescents may respond very differently from adults 
(Markwiese, Acheson, Levin, Wilson, & Swartzwelder, 1998; Levin et al. 2007). 
Thus, while nicotine appears to facilitate certain types of learning when
14
administered to adults, its effect on the developing adolescent brain is thus far 
unknown.
The purpose of Experiment 1 was to investigate the effect of intermittent 
nicotine administration on hippocampal and nonhippocampal forms of memory in 
normal adolescent rats. Based on the results of Experiment 1, Experiment 2 
sought to determine the effect of intermittent nicotine administration on 
hippocampal learning in adolescent animals with FASD. Based upon previous 
nicotine research, we hypothesized that hippocampal, but not nonhippocampal 
memory, would be facilitated by nicotine administration (Gould & Higgins, 
2003).
In order to assess both hippocampal and nonhippocampal forms of 
memory, we employed a Pavlovian fear conditioning paradigm in which both 
forms of memory can be studied. Though delay (nonhippocampal) and trace 
(hippocampal) conditioning are very similar in that they use identical stimuli, 
trace conditioning differs from delay because it incorporates a stimulus-free trace 
interval between CS offset and US onset (See Figure 1). The two further differ in 
that trace conditioning, unlike delay, is said to rely on hippocampal-cholinergic 
circuitry (Hunt & Richardson, 2007; Kaneko & Thompson, 1997; Moye & Rudy, 
1987).
Experiment 1
The purpose of Experiment 1 was to investigate the effects of intermittent 
administration of nicotine on trace and delay fear conditioning in adolescent rats. 
On postnatal days (PD) 28, 30, 32, and 34 animals received 0, 0.15, or 0.30 mg/kg
15
of nicotine. On PD 40, animals were trained in either delay or trace fear 
conditioning. Three CS-US pairings were used because it was expected that this 
would create a relatively weak memory that would simulate FASD memory 
impairment. Moreover, this procedure allowed for the observation of expected 
memory facilitation with nicotine administration and reduced the likelihood of 
ceiling effects. Twenty-four hours after training, subjects were tested for CS- 
elicited freezing. Five hours following testing for CS-elicited freezing, subjects 
were returned to the training context and tested for context-elicited freezing. 
Based upon previous research (Gould & Higgins, 2003), we expected that 
nicotine would facilitate both trace and contextual fear conditioning. Delay 
conditioning, however, was expected to be unaffected by nicotine administration. 
Method
Subjects. Subjects were 64 male and female rats (37 male), from seven 
litters. Subjects were 28 days of age at the beginning of the experiment. All 
animals were offspring of Sprague-Dawley derived rats, bom and reared in the 
psychology department vivarium at the College of William and Mary. The 
vivarium was maintained on a 14:1 Oh lightrdark schedule with light onset at 
06:00h. All experiments were conducted during the light cycle between 08:00h 
and 17:00h. Male and female breeders were housed together in 50.8 x 40.6 x 21.6 
cm polycarbonate cages with pine chip bedding and wire cage tops. Food (Purina 
Rat Chow #5018) and water were provided ad libitum. Cages were checked daily 
for new pups with the day of birth being designated as postnatal day (PD) 0. On 
PD 2 litters were culled to 8 to 10 pups. Remaining pups were left with the dam
16
until PD 21, at which time they were weaned and moved to a separate 
polycarbonate cage which they shared with their littermates. All animals remained 
with littermates throughout the course of the study. All procedures were approved 
by the Institutional Animal Care and Use Committee at the College of William 
and Mary and conformed to the guidelines established by the National Institutes 
of Health (1996).
Apparatus. Fear conditioning and subsequent testing for contextual 
freezing occurred in two identical Skinner boxes, each measuring 38.0 x 26.0 x 
22.0 cm. The two shorter walls were made of aluminum and the two longer walls 
and top were made of Plexiglas. The floor consisted of a grid of stainless-steel 
bars (5-mm in diameter) spaced 1.5 cm apart (center-to-center). The floor was 
connected to a custom-made constant current shock generator that delivered the 
0.5mA 1-s footshock US. Each chamber was located in a custom-built sound- 
attenuating shell which measured 67.0 x 71.5 x 71.0 cm (l x w x  h). To provide 
constant low-level illumination, a 4-W red bulb was mounted on a wall inside the 
sound-attenuating shell. The visual CS was produced by a 25-W white bulb 
positioned so that its center was located 12 cm above the floor and 8.5 cm from 
the rear wall of the conditioning chamber. The CS flashed at a rate of 2/s. All 
stimulus presentations were controlled by a PC that interfaced Coulboum 
Instruments (Allentown, PA) software and hardware.
Testing for CS-elicited freezing occurred in a novel context 24 hours after 
training. The testing chamber was 29.0 x 21.5 x 46.5 cm (1 x w x h) and 
constructed of clear Plexiglas. Both the top and bottom of the chamber were open,
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with the bottom resting on a Plexiglas floor covered with brown paper. The lower 
11 cm of the chamber was constructed of horizontally mounted stainless-steel 
rods, 5mm in diameter and spaced 1.5 cm apart (center-to center). Each testing 
chamber was located in a sound-attenuating chamber (IAC; Industrial Acoustics, 
New York). A 7-W white light was mounted on the inside wall of the IAC to 
provide constant low-level illumination. The 25-W bulb (CS) was positioned so
that its center was located 12 cm above the floor and 8.5 cm from the rear of the
r
chamber. The test session was videotaped using Sony video cameras (Model 
CCD-TRV67).
Nicotine Administration. Nicotine hydrogen tartrate salt (Sigma 
Chemicals, St. Louis, MO) was dissolved in physiological saline and buffered to a 
pH of approximately 7. The drug or its vehicle was injected intraperitoneally 
(i.p.), with the highest dose given at a volume of 1 ml/kg. Animals were weighed 
and given i.p. administration of 0, 0.15, or 0.30 mg/kg nicotine on PD 28, 30, 32, 
and 34. Each animal received the same dose (i.e. 0.15 mg/kg nicotine) on each of 
the four days. All animals remained with littermates throughout the course of the 
study.
Fear Conditioning and Testing. Six days after the final injection, on PD 
40, animals were trained in either delay or trace fear conditioning. A 5 min 
habituation period preceded all training. Subjects assigned to the delay group 
were given three pairings of a 10-s CS that terminated immediately prior to the 
delivery of the shock US. Subjects in the trace group also received 3 CS-US 
pairings. However, CS and US presentation were separated by a 10-s trace
interval (see Figure 1). Intertrial intervals (ITIs) ranged from 200 to 300s, and 
animals were removed from the conditioning chamber 5 min after the final 
footshock. All training sessions lasted approximately 20 min.
Testing for CS-elicited freezing occurred in a novel context 24 h later. 
Following a five minute habituation period, subjects were given three 
nonreinforced light CSs (identical to those in training) separated by 60-120-s 
intervals. The test session was videotaped for later analysis of freezing. Freezing 
was defined as the absence of observable movements except those necessary for 
respiration (Fanselow, 1980). An observer blind to subject group scored animal 
behavior using a time sampling procedure in which the subject was observed 
every 2s. Freezing scores were determined by subtracting the percent of freezing 
during the 10s prior to the CS (preCS) from the percent of freezing observed 
during the 10-s CS presentation (CS).
Five hours following testing for CS-elicited freezing, animals were tested 
for contextual freezing in the original training chamber. Immediately after being 
placed in the chamber, animals were videotaped for 3 minutes. A treatment-blind 
observer scored freezing behavior by using a time sampling procedure in which 
freezing was observed every 10s.
Results and Discussion
Thirty-two animals (19 male) were trained in delay fear conditioning (ns = 
10-11/group). The data for CS-elicited freezing are depicted in Figure 2. A one­
way ANOVA comparing the pre-CS freezing data from the first test trial revealed 
no significant effects of nicotine dose. Thus, baseline freezing was similar across
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groups (overall M = 20.69 ±5.71%). A second ANOVA, comparing Change 
scores (CS-preCS) failed to reveal an effect of dose. These results indicate that 
delay fear conditioning was not affected by nicotine administration. This is 
supported by a number of other studies which indicate that tasks of 
nonhippocampal memory are not affected by nicotinic receptor manipulation (e.g. 
Gould & Wehner, 1999).
There were 32 animals (18 male) in the trace conditioning analysis (ns = 
10-11/group). The change scores are depicted in Figure 3. An ANOVA assessing 
the pre-CS freezing data from the first test trial revealed no effect of dose (overall 
M = 14.38 ± 4.42%), thus demonstrating that nicotine did not affect baseline 
freezing. However, when Change scores were examined (CS-preCS), there was a 
significant effect of dose, F  (2, 29) = 3.73, p  < .05. Tukey post-hoc tests revealed 
that the low dose of nicotine, 0.15 mg/kg, resulted in significantly increased 
freezing behavior. Freezing of subjects in the high dose group was not different 
from vehicle-treated controls.
Initial analyses of contextual fear conditioning indicated that animals 
trained in trace and delay conditioning performed similarly. Therefore, these 
groups were combined for the remainder of the contextual fear conditioning 
analyses. The freezing scores recorded for each minute of the test are depicted in 
Figure 4. A repeated-measures ANOVA on the data indicated that there was no 
effect of nicotine dose on the percent of freezing to the context (M = 
25.93±3.07%).
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Experiment 2
The purpose of Experiment 2 was to establish whether the facilitatory 
effect of nicotine would also be observed in animals with FASD. Wagner and 
Hunt (2006) previously reported that trace conditioning is significantly impaired 
by neonatal ethanol exposure and that this learning deficit could be overcome by 
choline administration. The purpose of the present experiment was to examine 
whether a similar beneficial effect would be seen with intermittent nicotine 
exposure. As nicotine was able to facilitate the very low level of trace fear 
conditioning observed in Experiment 1, the authors hypothesized that intermittent 
administration of nicotine would facilitate the low levels of learning observed in 
FASD animals.
The ethanol administration procedure was based upon that described by 
Pierce, Serbus, and Light (1993). To produce FASD, pups were intragastrically 
administered ethanol daily from PD 4 through PD 9. As in Experiment 1, on PD 
28, 30, 32, and 34 rats received administration of nicotine. Six days later, on PD 
40, animals were trained in trace fear conditioning. Twenty-four hours following 
training, animals were tested in a novel context for CS-elicited freezing.
Method
Subjects. Subjects were 100 male and female rats (48 male), from 13 
litters. As in Experiment 1, all animals were offspring of Sprague-Dawley derived 
rats, bom and reared in the psychology department vivarium at the College of 
William and Mary. Subjects were separated into three treatment groups: 
unhandled, sham, and FASD.
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Ethanol Administration. On PD 4-9 pups were removed from the home 
cage and transferred to a warm holding cage which was maintained at 
approximately 34 °C by a heating pad placed under the cage. Animals in the 
FASD group received 2.5g/kg of ethanol twice daily, for a total daily dose of 5 
g/kg. For administration, ethanol was mixed in a Similac solution (11.9% v/v) 
which was delivered intragastrically via polyethylene tubing (PE-10; Clay Adams, 
Parsippany, NJ). Animals received 3 intubations daily. The first two contained 
ethanol and Similac, whereas the final contained Similac alone. The third feeding 
was included to help counteract weight loss typically seen in ethanol treated pups 
(Wagner & Hunt, 2006). Sham intubated controls also received 3 intubations 
daily; however, no fluid was delivered. Previous research has found that control 
animals that receive 3 milk intubations have abnormally large body weights (Hunt 
& Phillips, 2004). With the exception of routine animal care, unhandled animals 
were completely undisturbed until PD 28, at which time subjects received their 
first administration of nicotine.
Nicotine Administration. Nicotine administration was identical to that 
described in Experiment 1.
Fear Conditioning and Testing. On PD 40 all animals were trained in trace 
fear conditioning. Training and testing were similar to that described in 
Experiment 1, with the following exceptions. First, in order to accommodate for 
the poor level of learning in animals with FASD, Experiment 2 training included 
5, instead of 3, CS-US presentations over a 30-minute training session. Second, 
the results from Experiment 1 suggested that contextual fear conditioning was not
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sensitive to the effects of intermittent nicotine administration. Therefore context 
conditioning was not assessed in Experiment 2. Testing for CS-elicited freezing 
occurred 24 hours later and was identical to that described in Experiment 1. 
Freezing scores were determined in two ways: by subtracting the percent of 
freezing during the 10s prior to the CS (preCS) from the percent of freezing 
observed during the CS (CS), and by subtracting the percent of freezing during 
the 10s prior to the CS (preCS) from the percent of freezing observed during the 
10s o f the CS plus the 10s after CS offset (CS+postCS), which corresponed to the 
duration of the trace interval used during training. In some cases, responding 
during the trace interval may be a better indicator of trace conditioning than 
responding during the CS only (Burman & Gewirtz, 2004)
Results and Discussion
Five subjects died from improper intubations. The data obtained from the 
remaining 95 animals were analyzed (ns = 9-12/group). An ANOVA examining 
the freezing behavior of the two control groups, sham and unhandled, revealed no 
significant differences. Therefore, these groups were combined for the remainder 
of the analyses.
In order to assess baseline freezing, a 2 (treatment group) x 3 (nicotine 
dose) ANOVA was run on pre-CS freezing data from the first test trial. Results 
indicated that baseline freezing was similar across groups (M = 8.13±2.47%). A 
second 2 (treatement group) x 3 (nicotine dose) ANOVA was run on the Change 
scores (CS-preCS) and revealed no significant group differences. However, when 
the freezing data from the combination scores that included freezing during both
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the CS and the 10s after CS offset ((CS+postCS) - preCS), there was a trend for 
an effect of nicotine dose, F  (2, 89) = 2.88,p  = 0.06 (see Figure 5). These results 
suggest that nicotine may have a facilitatory effect on trace fear conditioning 
performance in animal models of FASD.
General Discussion
While there is a sizable literature focusing on the cognitive effects of 
nicotine in adult populations, research targeting nicotine’s effects during
t
adolescence is scarce. Studying the effects of adolescent nicotine exposure on 
cognition is particularly relevant given the large number of adolescent smokers. In 
the present study, we sought to examine nicotine’s effects on hippocampal 
memory. Unlike adult smokers who smoke regularly to maintain a continuous 
systemic level of nicotine, adolescents tend to binge smoke; that is they have brief 
periods of excessive nicotine intake. Our study addressed this by employing an 
intermittent schedule of administration.
In order to mimic smoking behavior in adolescents, rats received 
administration of nicotine on PD 28, 30, 32, and 34. As expected, nicotine 
administration affected trace, but not delay, fear conditioning. These results are in 
line with a number of other studies on nicotinic modulation of hippocampal and 
nonhippocampal memory (Gould & Wehner, 1999).
It is particularly interesting to note that nicotine’s effects on trace fear 
conditioning were long-lasting. Animals benefited from nicotine that was 
administered six days prior to training and seven days prior to testing. These 
results suggest that nicotine created a long-term change in memory functioning.
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Previous work by Gould and Higgins (2003) found that nicotine was able to 
facilitate contextual fear conditioning even when subjects were retested 7 days 
after the original test, in a drug-free state. Though this effect was dependent upon 
nicotine administration immediately prior to the original training and testing 
sessions, the repeated administration of nicotine facilitated later recall of the 
information. Our study differed in that animals received the last of four 
administrations six days prior to original training. As the half-life of nicotine is 
approximately one hour in rats (Ghosheh, 1999), it is unlikely that the improved 
performance in trace fear conditioning is due to nicotine’s ongoing presence in the 
animal’s system. Rather, the results of the present study suggest that intermittent 
administration of nicotine during adolescence may result in long-term changes in 
memory.
The results concerning contextual fear conditioning in Experiment 1 are 
particularly surprising because this form of conditioning is considered to be a 
measure of hippocampal memory. The discrepancy in the results of trace and 
contextual fear conditioning is likely due to the timing of context-elicited fear 
testing. Whereas previous studies (i.e. Gould & Wehner, 1999) tested for 
contextual fear conditioning prior to testing for CS-elicited freezing, the current 
study tested for CS-elicited freezing 5 hours prior to testing for contextual fear 
conditioning. It is possible that prior exposure to the CS during testing resulted in 
some extinction of fear. This extinction could have consequently generalized to 
the already weak association between the context and the US.
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As the present study is substantially different from the majority of 
research focusing on the nicotinic receptor’s role in memory, it is difficult to 
judge what aspect of our methodology is responsible for nicotine’s facilitation of 
trace fear conditioning. Currently studies addressing the effect of nicotine on 
memory have only addressed acute and chronic administration in adults.
Therefore, it could be that intermittent administration of nicotine is key to its 
beneficial effect on memory. To date, the majority of studies which use 
intermittent schedules of nicotine administration focus on its addictive properties 
(for review, DiFranza & Wellman, 2005). To our knowledge, the present study is 
the first to examine the effect of intermittent nicotine on learning in adolescents.
A second possibility is that nicotine’s beneficial effect on trace fear 
conditioning could be due to its administration during adolescence. Research 
examining nicotine addiction in adolescents, as compared to adults, indicates that 
the adolescent brain responds very differently to nicotine. Specifically, 
adolescents are exceptionally sensitive to the reinforcing effects of nicotine 
(Levin, et al., 2007). When compared to adults, adolescent animals self- 
administer three times the amount of nicotine per kilogram of body weight. 
Moreover, adolescents show significantly greater conditioned place preference 
with nicotine when compared to adults (Vastola, Douglas, Varlinskaya, & Spear, 
2002).
The purpose of Experiment 2 was to determine whether nicotine’s 
facilitation of trace fear conditioning could be observed in animals with ethanol- 
induced impairment. Wagner and Hunt (2006) reported that FASD animals
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demonstrated substantial deficits in trace fear conditioning when compared with 
controls. This result was replicated here. While intermittent administration of 
nicotine in FASD animals resulted in slightly improved trace fear conditioning, it 
was not statistically significant when calculated with CS-preCS Change scores. 
However, nicotine had a near-significant effect on freezing when Change scores 
were calculated to include post-CS freezing (corresponding to the trace interval 
during training). Thus, as nicotine dose increased, so did freezing. These results 
indicate that intermittent nicotine administration during adolescence may 
compensate for deficits induced by neonatal ethanol administration. These results 
are in line with previous research describing the beneficial effects of cholinergic 
agonists other than nicotine (i.e. physostigmine and choline) on learning and 
memory in ethanol-treated animals (Blanchard & Riley, 1988; Wagner & Hunt, 
2006; Thomas, Garrison, & O’Neil, 2004).
This is the first examination of the effects of adolescent nicotine exposure 
on the cognitive impairments associated with FASD. Previous work by Nagahara 
and Handa (1995) investigated the effect of acute pre-testing administration of 
nicotine in adult animals with and without FASD. Though control animals 
showed improvements in delayed alternation following nicotine administration, 
animals in the FASD condition did not. It is unclear what aspect of the current 
study is responsible for nicotine’s facilitation of hippocampal memory in FASD 
animals. A first possibility is the age of administration. In our study nicotine was 
administered during early adolescence, a period of continued central nervous 
system (CNS) development. In contrast, in the Nagahara and Handa study,
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nicotine was administered a single time in adult animals. Another important 
difference between the two studies is that in the present study the final dose of 
nicotine was administered six days prior to training. In the Nagahara and Handa 
study, nicotine administration occurred only once immediately prior to testing. 
Interestingly, there was an overall low level of fear conditioning across 
groups. Specifically, in Experiment 1, 40-day-old vehicle-treated animals had 
only a 10 percent CS-elicited change in freezing (trace conditioning). It can be 
argued that animals were exposed to only three CS-US presentations, thus it 
would be expected that fear conditioning would be low. However, in Experiment 
2, 40-day-old vehicle-treated animals were exposed to five CS-US presentations, 
resulting in Change scores of approximately 30 to 40 percent (trace conditioning). 
These Change scores are particularly surprising given that in 30-day-old animals, 
five CS-US presentations (trace conditioning) are generally sufficient to produce 
Change scores ranging from 70 to 80 percent (Barnet & Hunt, 2005). Similar low 
levels of CS-elicited freezing are found in adult animals. However, it would seem 
reasonable to assume that adults should have at least equal, if not greater, learning 
abilities when compared to 30-day-old animals. It seems as though the freezing 
measure is not able to capture these differences. While young animals exhibit 
high rates of freezing in response to a fear-evoking CS, adult animals do not. In 
fact, at PD 40, our subjects appear to have reached a ceiling in freezing levels at 
approximately 30 to 40 percent. This is likely responsible for why control animals 
were unable to benefit from intermittent nicotine administration after receiving 5 
CS-US pairings in Experiment 2. While 3 pairings resulted in weak fear
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conditioning, and could thus be enhanced, 5 pairings resulted in what may be 
asymptotic levels of fear conditioning. Freezing is a somewhat insensitive 
measure in that it only assesses overall motor activity. Other methodology, such 
as lick suppression or even fear potentiated startle, may help to elucidate these 
results.
Future studies should examine the role of subject age in nicotine’s 
facilitation of trace fear conditioning. Perhaps nicotine’s facilitatory effect is only 
found when the drug is administered during early adolescence. Other work, 
concerning the effect of nicotine administration in younger subjects may reveal 
different results. Indeed, a large amount of literature suggests that early exposure 
to nicotine, particularly prenatal exposure, is detrimental to neurodevelopment 
(for review see Ernst, Moolchan & Robinson, 2001). A second, but equally 
important direction for future research is to differentiate the effects of intermittent 
administration from those of acute and chronic nicotine administration. To date, 
the majority of research has focused on either acute or chronic nicotine 
administration, thus ignoring the potential effects of repeated drug withdrawal on 
cognitive function. Finally, though the present studies provide some initial 
support for the hypothesis that nicotine administration can improve performance 
in hippocampal memory tasks in both normal and FASD subjects, they do not 
address how nicotine exerts these effects. Future research should examine the 
neural correlates of this enhancement in hippocampus-dependent memory task 
performance.
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In conclusion, Experiment 1 demonstrated that trace conditioning, but not 
delay conditioning, was facilitated by intermittent administration of nicotine 
during early adolescence. These results are in agreement with a number of studies 
pertaining to the effects of nicotine on hippocampal and nonhippocampal forms of 
memory (Gould & Higgins, 2003). Experiment 2 showed that subjects with FASD 
exhibited improvements in trace conditioning following intermittent 
administration of nicotine. Importantly, both studies demonstrated that nicotine 
need not be administered immediately prior to training and testing in order for 
improved trace conditioning to be observed. Trace conditioning can be facilitated 
even when training occurs six days after the final nicotine administration. Finally, 
results are promising for future work in the role of nicotine self-administration in 
populations such as FASD.
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Figure Captions
Figure 1. Illustration of one trial of trace and delay fear conditioning procedures. 
The CS was a 10s flashing, 25-W white light. The US was a Is 0.5 mA footshock. 
Trace fear conditioning incorporated a 10s stimulus-free trace interval between 
CS offset and US onset.
Figure 2. Mean (±SEM) CS-elicited freezing (percentage CS freezing -  
percentage pre-CS freezing) during the first trial of testing in Experiment 1. 
Following intermittent administration of nicotine on PD 28, 30, 32, and 34, 
animals were trained on PD 40 in delay conditioning with 3 CS-US pairings. 
Testing occurred 24 hours later in a novel context. Results showed that delay 
conditioning was not affected by nicotine administration.
Figure 3. Mean (±SEM) CS-elicited freezing (percentage CS freezing -  
percentage pre-CS freezing) during the first trial of testing in Experiment .1. 
Following intermittent administration of nicotine on PD 28, 30, 32, and 34, 
animals were trained on PD 40 in trace conditioning with 3 CS-US pairings. 
Testing occurred 24 hours later in a novel context. Results showed that trace 
conditioning was affected by nicotine administration. Specifically, animals 
receiving 0.15 mg/kg nicotine show enhanced trace conditioning when compared 
to controls. Animals that received the highest dose of 0.3 mg/kg nicotine did not 
differ from controls.
Figure 4. Mean (±SEM) of percent freezing for each minute of the context fear 
test given in Experiment 1. Following testing for CS-elicited freezing, animals 
were tested for contextual freezing in the original training context. Freezing for
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the first three minutes was recorded. Nicotine administration did not affect 
contextual freezing.
Figure 5. Mean (±SEM) CS-elicited freezing (percentage CS + post-CS freezing -  
percentage pre-CS freezing) during the first trial of testing in Experiment 2. 
Following intermittent administration of nicotine on PD 28, 30, 32, and 34, 
animals were trained on PD 40 in trace conditioning with 5 CS-US pairings. 
Testing occurred 24 hours later in a novel context. Results showed that freezing 
was affected by nicotine administration. Though not statistically significant, this 
effect is most evident in animals with FASD.
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